During meiotic recombination, double-strand breaks (DSBs) are formed in chromosomal DNA and then repaired as either crossovers (COs) or non-crossovers (NCOs). In most taxa, the number of DSBs vastly exceeds the number of COs. COs are required for generating genetic diversity in the progeny, as well as proper chromosome segregation. Their formation is tightly controlled so that there is at least one CO per pair of homologous chromosomes whereas the maximum number of COs per chromosome pair is fairly limited. One of the main mechanisms controlling the number of recombination events per meiosis is CO homeostasis, which maintains a stable CO number even when the DSB number is dramatically altered. The existence of CO homeostasis has been reported in several species, including mouse, yeast, and Caenorhabditis elegans. However, it is not known whether homeostasis exists in the same form in all species. In addition, the studies of homeostasis have been conducted using mutants and/or transgenic lines exhibiting fairly severe meiotic phenotypes, and it is unclear how important homeostasis is under normal physiological conditions. We found that, in maize, CO control is robust only to ensure one CO per chromosome pair. However, once this limit is reached, the CO number is linearly related to the DSB number. We propose that CO control is a multifaceted process whose different aspects have a varying degree of importance in different species.
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meiosis | recombination | crossing-over | double-strand breaks | crossover homeostasis M eiotic recombination creates genetic diversity by generating new allelic combinations in the progeny. In the first step of the recombination pathway, double-strand breaks (DSBs) are formed in chromosomal DNA by a topoisomerase-like protein, SPO11 (1) . The DSBs are subsequently repaired in a process that involves several recombination proteins. First, the MRN complex, which includes MRE11, RAD50, and NBS1, resects the DSB ends, leading to formation of 3′ overhangs (2) . The single-stranded DNAs created in this way are then coated by two recA-like proteins, RAD51 and DMC1. These proteins catalyze the invasion of homologous doublestranded DNA regions, resulting in single-end invasion (SEI) events (3) . Eventually, DSBs are repaired as either crossovers (COs) or non-crossovers (NCOs). Besides generating genetic diversity, crossing-over creates physical connections between homologous chromosomes, which are essential for accurate segregation of the homologs during the first meiotic division. Defects in this process can lead to aneuploidy. Consequently, CO formation, including the number and distribution of COs, is under stringent control (4, 5) .
To ensure proper segregation of chromosomes during anaphase I, at least one CO must be formed for each homolog pair (6) . Failure to meet this requirement leads to chromosome missegregation. Consequently, nonexchange chromosomes are extremely rare in WT meiosis in most species, including maize (7) . Even in Caenorhabditis elegans, which forms only one CO per bivalent, the rate of nonexchange chromosomes is less than 1% (8, 9) . These observations led to the proposal of an obligate CO model, which posits that there must be a regulatory mechanism, called CO assurance, that ensures the formation of at least one obligate CO per bivalent (6) .
In contrast to the lower limit, regulation of the upper limit of CO number per homolog pair is less understood. Both the number of COs and the spacing between them are affected by CO interference. Interference reduces the probability of two COs forming next to each other. Thus, it limits the number of COs and increases their spacing. The strength of interference diminishes with the distance along the chromosome. Not all COs are subject to interference, but data from numerous species, including budding yeast, mouse, and maize, show that only a small fraction of COs are independent of interference (10) (11) (12) (13) . In maize, ∼15% of COs belong to the noninterfering class (12) .
Due to these constraints on CO number and placement, it is quite likely that the number of COs per bivalent is largely similar among eukaryotes although variation exists both between and within species (14-16). Major differences, however, have been observed among species with respect to the number of meiotic DSBs. In most cases, the number of DSBs far exceeds the number of COs (17, 18) . For instance, in maize, nearly 500 DSBs lead to the formation of ∼20 COs (15, 19) .
Mechanisms determining which DSBs result in COs or NCOs are poorly understood. CO rates are unlikely to be limited by the structural properties of chromosomes (20) . Instead, they are controlled by an intricate regulatory mechanism influencing DSB fate. Mutating components of this mechanism can dramatically increase CO number (20, 21) . In contrast, studies in budding yeast, C. elegans, and mouse have shown that CO numbers are not affected by DSB number, even if the variation in the number of DSBs is substantial (18, (22) (23) (24) . This phenomenon is known as CO homeostasis (22) . However, it is not known whether homeostasis operates in all species. In addition, the studies of homeostasis have been conducted using mutants and/or transgenic lines exhibiting fairly severe meiotic Significance During meiosis, chromosomes exchange segments in a process of crossing-over. The crossover number is tightly regulated so that at least one crossover (but not many more) is formed per chromosome. The process of crossover homeostasis is thought to play a major role in this regulation by ensuring a stable crossover number even if the number of DNA breaks that initiate crossover formation varies. However, we found that, in maize, the crossover number changes with the number of DNA breaks, suggesting that different species exhibit different crossover control mechanisms. Plant breeders rely on recombination to create new combinations of alleles. Our data suggest that increasing recombination rates in plants may be accomplished by increasing the number of DNA breaks.
phenotypes, and it is unclear how important homeostasis is under normal physiological conditions.
To understand CO control, we examined the substantial intraspecies variation in CO and DSB numbers that exists in maize. Surprisingly, we found a strong correlation between the number of meiotic DSBs and the number of COs. Our data suggest that, whereas CO control in maize maintains CO assurance (i.e., ensures the presence of one obligate CO per bivalent), it does not operate beyond this limit. Instead, once the requirement for the obligate CO is met, the number of COs becomes proportional to the DSB number. We propose that the control of the CO number is a multifaceted process whose different aspects have a varying degree of importance in different species.
Results
Global CO Rate Varies Significantly Among Maize Inbreds. To elucidate the mechanisms of CO control, we examined intraspecies variation in the number of COs in maize. Rather than use mutants that would push recombination to extreme levels, we decided to rely on natural genetic variation to remain within the physiological number of recombination events that can be tolerated by an organism over many generations. Maize exhibits high levels of intraspecies genome polymorphism, similar to the level of polymorphism between humans and chimpanzees (25) . To capture this diversity, we used a set of 14 genetically diverse inbred lines. Twelve of the 14 lines belong to a group of maize inbreds that are parents of the nested association mapping (NAM) population (26) and are thought to represent over 85% of intraspecies allelic diversity in maize (27) . In addition, we included the Mo17 inbred, a parent of the widely used B73 × Mo17 mapping population, and A344, an inbred used in many meiosis studies (19) .
To survey CO numbers, we examined chiasmata, which are cytological manifestations of COs (28) . Chiasmata were quantified at diakinesis because, at this stage, they are most conspicuous and easiest to count in maize. Bivalents have two distinct configurations at diakinesis: rod bivalents (Fig. S1A) , which have a single chiasma, and ring bivalents, which have two chiasmata, one at each end (Fig. S1B) .
Unequivocal identification of chiasmata may occasionally be challenging because chromosome twists may be mistaken for chiasmata and nearby chiasmata may be difficult to distinguish from each other. To enhance the ability to correctly identify all COs, we devised an approach that combined 3D image reconstruction with chromosome spreading (Fig. S1 ). Three-dimensional image reconstruction allowed the differentiation between chromosome twists and bona fide chiasmata because homologous chromosome pairs could be clearly visualized at all different angles (Fig. S1D ). To distinguish multiple chiasmata located very close together, we estimated the size of an individual chiasma (Fig. S1E) . We found that, typically, they were about 1-2 μm in length, depending on the level of chromosome condensation (which was assessed by the total length of chromosomes in the cell). The chiasma length was consistent in any given cell, among cells at the same meiosis stage in any given inbred, and among inbreds. Consequently, we assumed that longer chiasma structures represented multiple chiasmata located next to each other. Blind tests were performed to validate the reliability and accuracy of this approach.
Our analysis revealed a substantial variation in chiasma numbers among the 14 maize inbreds (Fig. 1) . The difference between the highest mean number of chiasmata per cell (19.4 in B97) and the lowest number (11.2 in CML228) was nearly 1.7-fold. The amonginbred differences were statistically significant (Table S1 ).
In addition to the mean chiasma number, there were also significant differences among the inbreds in the percentage of bivalents carrying one, two, or three chiasmata (Tables S2 and S3 ). In most inbreds, 10-20% of bivalents had single chiasma and between 80-88% of bivalents formed two chiasmata. On the extreme sides of the spectrum, in the B97 inbred, only ∼9% of bivalents formed a single chiasma (n = 630) whereas, in CML228, ∼87% of bivalents formed a single chiasma (n = 510). We never observed nonexchange chromosomes, even in CML228, indicating that CO assurance in maize operates with high efficiency. Interestingly, we found no obvious relationship between the mean number of chiasmata and the fraction of bivalents with specific chiasma numbers ( Fig. 1 and Table  S2 ). For example, Hp301 had the mean chiasma number lower than B97 ( Fig. 1 ) but nearly threefold more bivalents with three chiasmata (Table S2 ). These data suggest that the distribution of COs among chromosomes varied independently of the overall CO number.
The CO Rate Is Not Related to Synaptonemal Complex Length in Maize
Inbreds. In yeast and mouse, CO formation is strongly linked to progression of chromosome synapsis. Consequently, it has been suggested that the CO rate is closely related to the length of the synaptonemal complex (SC) (29) (30) (31) . To examine weather this relationship also exists in maize, we measured the SC length in two inbreds, A344 and CML228, that substantially differ in their mean CO numbers (Fig. 1) . To compare the SC lengths, we immunolocalized ZYP1, the central element of the SC. The measurements were conducted at pachytene (Fig. 2 A-C) , when chromosomes are fully paired and synapsed. We found that, despite the large difference in CO numbers, the total SC length was not statistically different between the two inbreds (Fig. 2D) . CO Number in Maize Is Strongly Correlated with DSB Number. To search for a source of the CO variation, we examined variation in DSB numbers. To do this analysis, we quantified foci formed on chromosomes by the RAD51 protein at midzygotene. The number of RAD51 foci in maize exhibits its peak at that when it is thought to represent the number of meiotic DSBs (19) . RAD51 marks DNA breaks that are directed toward the homologous recombination type repair but not breaks repaired by nonhomologous end joining, if any exist during meiosis (3). However, the RAD51-marked DSBs are the only DNA breaks participating in the meiotic recombination pathway.
We focused the RAD51 analysis on six inbreds, A344, B73, B97, CML228, Mo17, and Mo18w, because they covered the entire spectrum of chiasma numbers found in our study.
Interestingly, we found substantial variation in RAD51 focus numbers among the six inbreds, ranging from 218 to 608 per meiocyte (Fig. 3 A-C and Table S4 ). Within inbreds, the variation in the number of RAD51 foci was higher than the variation in CO numbers (Figs. 1 and 3C ), which is similar to the observations made in mouse and yeast (18, 22) . We then used regression analysis to examine the relationship between the numbers of midzygotene RAD51 foci and the numbers of chiasmata. Surprisingly, we found that the correlation between these two variables was very strong (R 2 = 0.96) (Fig. 3D) , suggesting that the number of DSBs directly impacts the number of COs in maize.
Hybridization Affects CO Number Coordinately with DSB Number. In addition to inbreds, we examined recombination rates in hybrids. It has been reported that, in maize, sequence heterogeneity between parental chromosomes shifts the CO/NCO balance toward COs (32).
On the other hand, extreme sequence polymorphism, such as presence-absence variation (PAV), reduces recombination rates (33) .
To examine whether interparental sequence polymorphism affects global CO numbers, we examined hybrids generated by crossing B73 to three inbreds: CML228, Mo17, and Mo18w. The three inbreds were selected to cover the whole spectrum of genetic distances between B73 and the other inbred lines used.
Contrary to expectations, we found no trend toward higher or lower CO rates in the hybrids relative to inbreds. B73 × CML228 exhibited 19.3 ± 0.18 (mean ± SE) chiasmata per meiocyte. B73 × Mo17 had 19.1 ± 0.2 whereas B73 × Mo18w had 16.2 ± 0.10. The chiasma numbers in B73 × CML228 and B73 × Mo17 were higher than the midparent whereas, in B73 × Mo18w, they were lower than the midparent. There was also no obvious relationship between the genetic distance between the parents (34) and the chiasma number in the hybrid.
To investigate whether interparental polymorphism affects the relationship between CO and DSB numbers, we examined midzygotene RAD51 foci in the B73 × CML228 hybrid. We found that they were in sync with the high number of COs in this hybrid (Fig. S2) . Thus, the factor(s) responsible for the increase in recombination rates in B73 × CML228, compared with its parents, affect both DSBs and COs. Furthermore, this observation further supports the conclusion that CO numbers in maize are directly influenced by DSB numbers. coincidental, because both sites are usually present in promoters of genes (37) . Consequently, we examined whether, in maize, the differences in DSB numbers are associated with differences in H3K4me3 patterns. We found that H3K4me3 staining was first visible at leptotene. The foci persisted, albeit at reduced numbers, throughout the end of prophase I (Fig. S3A) . We analyzed H3K4me3 localization in detail in four inbreds (B73, B97, CML228, and Mo17) at the zygotene and pachytene stages. Although there were differences in the numbers of H3K4me3 focus numbers among inbreds (Table S5) , this variation was not correlated with the mean DSB or chiasma numbers. Furthermore, colocalization of H3K4me3 and RAD51 in B73 showed that only about 15% of DSBs were associated with H3K4me3 sites (Fig. S3B ). These data suggest that H3K4me3 is not a major predictor of the number of DSBs in maize. However, because only a small percentage of DSBs are repaired into COs, it is possible that the H3K4me3-marked DSB sites are more likely to become COs.
CO Distribution Along Chromosomes Is Mainly Related to CO Number
per Bivalent. We noticed that inbreds with different mean chiasma numbers also differed in chiasma distribution along chromosomes. For example, in B97, which has the highest mean CO number, most chiasmata were terminal whereas, in CML228, chiasmata were often proximal (Fig. 4A) . Because previous studies indicated that the vast majority of COs in maize are subtelomeric (15), these observations prompted us to investigate the variation in chiasma position in more detail. To do this analysis, we measured the distance from the chromosome end to the nearest chiasma in six inbreds: A344, B73, B97, CML228, Mo17, and Mo18w. These inbreds covered the whole spectrum of the observed CO number variation. The mean distance varied substantially among the inbreds (Table  1) . However, most of this variation could be attributed to the variation in the proportion of bivalents carrying single and multiple chiasmata. When only bivalents with the same chiasma numbers were considered, the mean distance from telomere to the nearest chiasma was similar in all inbreds (Table 1) . Furthermore, there was no correlation between the mean CO number in an inbred and the mean telomere-to-nearest-chiasma distance when bivalents with the same chiasma numbers were considered (R 2 = 0.06 for bivalents with single chiasmata and R 2 = 0.09 for bivalents with two chiasmata). We also measured distances between adjacent chiasmata and found a similar pattern. Overall, these data show that bivalents with the same chiasma number exhibit similar chiasma distribution in all inbreds. Consequently, distribution of recombination patterns is likely governed by the same principle(s) in all inbreds. Furthermore, the fact that chiasmata in all six inbreds showed similar spatial distribution patterns relative to the telomere suggests that the inbreds did not exhibit major differences in chromosome condensation patterns or other structure-related properties that affect CO distribution (31, 38) .
We then explored CO interference as a potential mechanism controlling CO number. To do this analysis, we used the single-pathway gamma model to calculate the value of ν (nu), which is a measure of interference strength. Values of ν close to 1 indicate little or no interference whereas values of 10 and above indicate very strong interference. Our analysis did not try to differentiate between class I (interfering) and class II (noninterfering) COs. However, because the fraction of noninterfering COs is relatively small, this simplification is expected to result in a relatively small error. The interference analysis revealed large differences in CO interference strength among the six inbred lines (Fig. 4B) . We found that ν decreased with the increase of the CO numbers and that the correlation between these two variables was strong (R 2 = 0.84). This observation suggests that interference strength has a substantial influence on the number of COs in maize.
Discussion
CO control is thought to be achieved by the working of three mechanisms: CO homeostasis, interference, and assurance (6, 22) . Together, these mechanisms result in the formation of at least one CO per homologous chromosome pair, while at the same time limiting the formation of multiple COs. This multilayered control likely acts to strike a balance between the maintenance of genome stability and ensuring proper segregation of chromosomes on the one hand and generation of genetic variability on the other hand.
The existence of CO homeostasis has been shown in mouse, C. elegans, and yeast. In mouse, CO numbers remained the same, with a 30% reduction or a 25% increase in the DSB number (18) . In yeast, CO frequency changed relatively little even after lowering the DSB number by 80% (22) . In C. elegans, it was found that a single DSB per chromosome was sufficient to generate the obligate CO (23, 24) . Our data show that, in maize, CO control is robust only to maintain CO assurance. This conclusion is based on the fact that we did not observe chromosomes lacking chiasmata even in the CML228 inbred, which showed an overall CO number very close to the absolute minimum of 10. On the other hand, in inbreds with higher DSB numbers, we found a strong correlation between the DSB and CO numbers, suggesting lack of homeostatic control.
Another aspect of homeostasis is the increase of its strength, manifested by a decrease of the relative variability of the number of recombination marks, as the recombination pathway progresses. In mouse spermatocytes, the cell-to-cell variability decreases gradually from early (Rad51 and Dmc1 foci) to late (Mlh1 foci) recombination marks (18) . Mlh1 foci in mouse oocytes and human spermatocytes also exhibit little variation in their numbers, indicating a progressive homeostatic control (39, 40) . We observed a similar trend of less variability in the CO number than in the DSB number (Figs. 1 and  3C ), suggesting that homeostasis in maize is not completely abolished. Interestingly, we also found that the cell-to-cell variability in the DSB numbers was proportionally larger in inbreds with fewer DSBs (coefficient of variation = 18% and 28% for Mo18w and CML228, respectively) than in inbreds with more DSBs (coefficient of variation of <10%) (Fig. 3C) . We did not observe this trend in the case of COs (Fig. 1) . These data suggest that only DSB number regulation, rather than regulation of the entire recombination pathway, is different between inbreds with high and low DSB numbers. They also indicate that, in inbreds with high DSB numbers, the progressive aspect of the homeostatic control may be weaker than in inbreds with fewer DSBs.
Recent data from yeast and C. elegans suggest existence of a negative feedback loop that allows formation of additional DSBs until the number of DSBs already formed is sufficient to ensure proper recombination and chromosome paring (41) (42) (43) . Such a feedback loop may also operate in maize. We hypothesize that stronger homeostasis in inbreds with fewer DSBs may be caused by the low number of DSBs being insufficient in some cells to ensure proper chromosome pairing and synapsis (Fig. 5) . In those cells, more DSBs may need to be generated by the feedback loop mechanism (41-43), which results in high cell-to-cell DSB number variability (see coefficient of variation in Fig. 3C ) and triggers a stronger homeostatic response. The exact mechanistic underpinnings of the differences in DSB numbers among maize inbreds are not clear. These differences could be the result of varying SPO11 activity or perhaps activity of any accessory proteins that form the SPO11 complex or interact with it.
The strong correlation between the mean DSB and CO numbers in maize inbreds (R 2 = 0.96) indicates that nearly all variation in CO numbers in maize can be explained by the variation in the DSB numbers. Nevertheless, the CO number is also affected by the strength of CO interference (R 2 = 0.84) (Fig. 4C) . However, if variation in the interference strength were solely responsible for the variation in CO numbers, one would not expect to observe a corresponding variation in DSB numbers among inbreds, unless DSBs were also subject to interference, which seems unlikely. There is evidence for existence of DSB interference, but its strength seems to be limited and effective over relatively short distances (44) (45) (46) .
In C. elegans, establishment of higher order chromosome structure through activity of the condensin complex was shown to regulate the number and distribution of DSBs, which directly influences the CO number and distribution (38) . A similar conclusion was reached in a recent study in mouse (47) . In contrast, we did not find evidence for the CO numbers to be influenced by the establishment of the chromosome axis or affected by any obvious differences in the chromosome structure. Because our observations were made in a set of genetically diverse inbred lines, we believe that they represent a general phenomenon in maize.
Our data indicate that the extent of homeostasis in maize is different from that of yeast or mouse. A compelling explanation for our data would be that, even though all CO control mechanisms may be present in different species, each mechanism may exhibit a varying degree of importance in each species. In maize, homeostasis seems to be less important than in yeast or mouse, and also of a different nature. It is tempting to speculate why this phenomenon could be the case. Differences in CO control may reflect differences in how meiotic mechanisms operate in diverse taxa. They may also represent diversity in genome size, composition, or organization. It is also possible that reproductive biology differences could make some of the mechanisms involved in CO control more important and stringent in some species than others. For example, a higher CO number is beneficial for generating genetic variation, but it has been speculated that high recombination rates could lead to genome instability (48) . Homeostasis could be a mechanism that stabilizes CO rates at a level that is low but just sufficient for error-free chromosome segregation in anaphase I. Fitness consequences of meiotic errors in maize could be smaller than in yeast or mouse, and the benefits of more COs could be greater, making efficient homeostasis less important. Future elucidation of the mechanistic basis of these differences will provide interesting insights into how they evolved.
Materials and Methods
Plant Material. A set of 14 maize inbreds was used in this study. Twelve of them (B73, B97, CML69, CML103, CML228, CML277, CML322, Hp301, Ki11, Mo18w, M162w, and Oh43) belong to a group of diverse inbreds that are parents of the maize nested association mapping (NAM) population (26) . This set was supplemented with two other inbred lines (Mo17 and A344) and three F1 hybrids (B73 × CML228, B73 × Mo17, and B73 × Mo18w). Plants were grown in a 1:1 Promix:calcined clay soil mix in a growth chamber, at a 31°C day temperature and 22°C night temperature and 12 h of light. The light intensity was maintained at 800 μmol/m 2 s.
Flower Fixation. For chiasma analysis, entire tassels were fixed in Carnoy's solution containing 3:1 ethanol:glacial acetic acid for 24 h. For immunofluorescence analyses, individual anthers were staged and fixed in paraformaldehyde as described previously (19) .
Crossover Analysis. To determine the CO number, we counted chiasmata in male meiocytes at the diakinesis stage of meiotic prophase I. For this experiment, we used a method that combines classical chromosome spreading with 3D image reconstruction. Meiocytes fixed in Carnoy's solution were washed in citric acid buffer for 10 min and incubated in an enzyme mixture consisting of 2% (wt/vol) Onazuka R-10 cellulase, 1% mecerozyme, 1% cytohelicase, 4 mM citric acid, and 6 mM sodium citrate, pH 4.8, at room temperature for 60 min. Enzyme-digested anthers were transferred to a slide and macerated with a needle in a small drop of 95:5 (vol/vol) acetic acid:methanol solution. The solution containing meiocytes was dropped from a height of about 30 cm onto a glass slide for effective spreading. After subsequent air drying, chromosomes were cross-linked to the glass slides using UV light (1,200 J) . Finally, the slides were stained with 500 μL of a 4,6-diamidino-2-phenylindole (DAPI) solution (1 μg·mL
) and washed with 1× PBS for 10 min, three times. The slides were mounted in DABCO and sealed using nail polish.
A DeltaVision imaging workstation (Applied Precision) was used to generate three-dimensional stacks of Z sections that were taken every 0.15 μm across whole nuclei. The 3D image stacks were deconvolved and analyzed using softWoRx software (Applied Precision). Three-dimensional projections of image stacks were (19) . In these meiocytes, more DSBs are then generated until complete pairing is achieved, resulting in high cell-tocell variability. In inbreds with high DSB numbers (Right), the distribution of the initially formed DSBs is already sufficient for proper pairing. generated using the Volume Viewer tool to help visualize bivalents that were oriented along the z-y plane and to distinguish bona fide chiasmata from chromosome twists (Fig. 1) . Chiasma numbers were counted manually by carefully analyzing each bivalent. Blind tests were performed to validate the results. ANOVA analyses were performed using StatPlus (AnalystSoft Inc.).
Immunofluorescence Microscopy. Immunolocalization experiments were performed as previously described (19) using the following antibodies: rabbit anti-HsRAD51 (49) diluted 1:500, rabbit anti-HsH3K4me3 (ab8580; Abcam) diluted 1:500, and guinea pig anti-ZmZYP1 (50) diluted 1:50.
For quantification of RAD51 and H3K4me3 foci, softWoRx software (Applied Precision) was used. The fluorescence intensity threshold was set based on the background signal intensity. Foci were counted automatically. To discard false positives, foci were then counted manually through all Z sections of each cell. The SC length was measured using the Distance Measurement tool of softWoRx. Two independent measurements were taken for each cell.
CO Interference Strength Analysis. To examine interference, we used the gamma model (51) . In this model, the genetic distance x separating adjacent COs is drawn from the gamma distribution of density: ρ(x) = (2ν) ν x ν-1 exp(−2νx)/Γ(v),
where Γ(v) is the gamma function, x is the rate parameter, and ν is the shape parameter. To model their distribution, COs are placed starting at one end of the chromosome, but in such a way that the first CO is positioned randomly. The rate parameter was set to such a value that the mean density of COs was 2 per morgan. The shape parameter was fitted to the experimental data using the maximum likelihood framework. To do this analysis, we first constructed a list of all CO positions after normalizing to the total length of bivalents. This list was used to infer genetic distances. Then, the likelihood of each bivalent was calculated, taking into account the positions of the COs. Finally, we searched for the value of ν for which the likelihood of the whole dataset (equal to the product of the likelihoods of each bivalent) was maximized. The search was performed using hill climbing (52) . Confidence intervals were obtained through resimulation. Specifically, the gamma model was used to simulate 1,000 independent datasets with the inferred best value of ν. Then, each dataset was fitted using the maximum likelihood approach, leading to as many values of ν as there were datasets. Finally, the values delimiting the lowest and highest 2.5% of the distribution were used to establish confidence intervals.
